We examine the infra-red structure of soft supersymmetry breaking masses of the squarks and sleptons in supersymmetric (SUSY) strong unification schemes where α GU T ∼ 0.2 − 1. We show that combinations of soft masses approach fixed points which leads to very simple predictions for soft masses at the intermediate scale. The assumption that the high energy gaugino mass M 1/2 dominates over the soft scalar masses leads to a strong suppression of flavour changing neutral currents, and a low energy SUSY spectrum which is simply predicted in terms of two parameters, namely α GU T and M 1/2 . Due to the quickly falling gauge couplings beneath the high energy scale, the low energy spectrum has a characteristic "scalar dominated" signature quite unlike the standard gaugino dominated MSSM where the right-handed sleptons are predicted to be rather light. We also examine the new sources of flavour changing expected in such models, and in particular show that the flavour violation coming from the D-term of a U(1) X gauged family symmetry may be reduced to an acceptable level.
Introduction
Models which extend the MSSM through the addition of massive multiplets which are vectorlike with respect to the Standard Model gauge group occur very often in the breakdown of Grand Unified theories or in compactified string theories. Provided these states fill out complete SU (5) representations they lead to an increased gauge coupling at the unification scale without disturbing the success of the one-loop unification predictions. As a result the ratio of the Yukawa couplings to gauge couplings are driven quickly to infra-red fixed points, offering the possibility of a dynamical understanding of the pattern of fermion masses. It may also happen that the fixed point structure corresponds to family independent Yukawa couplings offering the possibility of a dynamical understanding of the flavour problem in supersymmetric theories.
Motivated by such considerations unification predictions have been re-examined in theories in which there is extra matter in complete SU(5) representations at an intermediate mass scale M I below the unification scale [1, 2] . The extra matter consists of n 5 copies of (5 +5) plus n 10 copies of (10 +10) representations which serve to increase the beta functions above the scale M I , resulting in an increased value of the unified gauge coupling α GU T . On the other hand the unification scale M GU T ∼ 2 × 10 16 GeV is virtually unchanged from its MSSM value due to an accurate cancellation between the two-loop and threshold effects [1] . The presence of such additional matter is typical of a certain class of string model in which gauge symmetries are broken by Wilson lines [3] . Moreover such extra matter is welcome since it may serve to increase the unified coupling to a value which is large enough to solve the "dilaton runaway problem", providing also that the string scale M string is reduced down to M GU Tà la Witten [4, 5] .
In such theories the values of the gauge couplings near the unification scale may be raised into the strong coupling region [6] , effectively placing the question of the unification of the gauge couplings outside of perturbation theory. At first sight this would seem to imply that all the predictive power of unification is lost. However, as shown in [6] , low energy predictivity is maintained since the steeply falling gauge couplings are quickly driven to precise fixed point ratios:
where the beta functions are
where n = (n 5 + 3n 10 ). Thus one may take the ratios r 1 , r 2 as a boundary condition at the scale M I , and hence use them to determine the low energy measured couplings. In this approach the scale M I is regarded as an input parameter which may, for a given value of n, be fixed by two of the gauge couplings (say α 1 and α 2 ):
The third gauge coupling may be predicted at low energies as in the standard unification picture, and indeed leads to values of α 3 (M Z ) in good agreement with experiment [6] . This prediction, which follows without a conventional scale M GU T , originates from the precise boundary conditions in Eq.1 at M I . The gauge couplings become non-perturbative at a scale M N P , close to the conventional GUT scale [6] . Note that M I is the mass scale in the superpotential, not the physical mass of the heavy states which receive large radiative corrections. Such radiative splitting effects decouple from the evolution equations for the couplings [7] .
The key to the predictive power of this scheme is the steeply falling gauge couplings in the region M N P − M I , which drives the gauge couplings to their fixed point values at M I in Eq.1 [6] .
Similarly any dimensionless Yukawa couplings which are initially of the same general order as the gauge couplings will evolve to precise fixed point ratios in the infra-red similar to the fixed point for the top quark Yukawa coupling [8] . In the MSSM the rate of approach to the fixed point is not very efficient since the ratio of the top Yukawa coupling h to the gauge coupling g 3 at low energy in the one loop is approximation is given by (assuming negligible bottom Yukawa coupling)
where , where in the MSSM the value of ∆ is not that small, ∆ ≈ 1/3, so that the rate of approach to the PR fixed point is not that large. 2 However in strong unification, the value of ∆ appropriate to the region between M N P and M I , is typically much smaller due to the steeply falling couplings, thereby significantly increasing the rate of approach to the fixed point.
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It was shown that if all the third family Yukawa couplings are assumed to be of order the gauge couplings at high energies, then they efficiently approach the fixed point and then one obtains precise predictions for third family Yukawa couplings at the scale M I , and hence precise low energy predictions for third family masses and the ratio of Higgs vacuum expectation values tan β as a function of the parameter n. In this case tan β ≈ 46 − 47 and the top quark mass exceeds 200 GeV in all cases. However an acceptable top mass may be achieved for tan β ≈ 1.01 − 1.3. As pointed out [6] , these predictions for the third family Yukawa couplings are sensitive to other Yukawa couplings and, in a particular theory of fermion masses [11] , the presence of large Yukawa couplings involving the first and second families will affect the low energy predictions of the third family spectrum and reduce the top mass prediction to acceptable values [6] .
In this paper we shall examine the question of the infra-red behaviour of soft supersymmetry (SUSY) breaking parameters [12] in the framework of strong unification, focussing in particular on the above mentioned theory of fermion masses [11] as a concrete example. The purpose of the present paper is to extend the above MSSM analysis to include all three families in the particularly promising framework of strong unification combined with the model of fermion 2 In the MSSM if R * /R(M GUT ) ≪ 1 then clearly R(M Z ) ≈ R * /(1 − ∆) which is the so-called quasi-fixed point of Hill [9] . 3 The fact that small ∆ increases the rate of approach to the PR fixed point was emphasised by Lanzagorta and Ross [10] . masses mentioned above. Since the gauge couplings and Yukawa couplings approach fixed points one might expect that the soft mass parameters will also approach fixed points in the infrared, leading to enhanced predictivity of the spectrum at low energies. As in the MSSM, however, one finds there are combinations of soft masses which are not suppressed by anomalous dimensions, so the soft masses at low energies will inevitably depend on physics at high energies. As a result the fixed point structure, by itself, does not give a dynamical explanation of the flavour problem. On the other hand there are combinations of soft masses which are heavily suppressed by renormalisation group running, and this effect serves drastically to simplify the relation between the soft masses at the intermediate scale and those at the string scale.
A particularly attractive hypothesis that does lead to a solution to the flavour problem is that the gaugino mass at the string scale energy dominates over the scalar masses at the string scale (gaugino dominance.) In this case the efficient anomalous dimension suppression allows the scalar masses at the intermediate scale to be predicted very simply in terms of the high energy gaugino mass. The soft scalar mass differences between families, which is the source of flavour changing neutral currents in SUSY theories, is then accurately set to zero. Furthermore, the fixed point structure accurately preserves the family independence of the soft scalar masses for all three families, down to the intermediate scale. We discuss the detailed low energy SUSY spectrum in a particular model of this kind. Whereas the assumption of gaugino dominance in the minimal supersymmetric standard model (MSSM) naturally leads to a low energy spectrum involving heavy gauginos and light squarks and sleptons, in the present model gaugino dominance leads to a low energy spectrum involving light gauginos and heavy squarks and sleptons -exactly the reverse of the MSSM spectrum in this case! The reason for this is due to the rapidly falling gauge couplings between the string scale and the intermediate scale which causes the gaugino masses to similarly fall. The scale of the soft scalar masses at the intermediate scale is set by the gaugino mass at the string scale which is much larger, and this gives rise to the inverted spectrum which may make gauge dominance more viable in strong unification than in the MSSM. For example the right-handed selectron, which is always very light in the MSSM gauge dominated scenario, is comfortably heavy in the present model.
The layout of the paper is as follows. In section 2 we introduce the model, and in section 3 we present the renormalisation group equations (RGEs) that will form the focus of the rest of the paper. In section 4 we analyse the fixed point solution these equations, when summed over flavours. Section 5 discusses the extra subtleties arising from the additional Higgs couplings that are present in the model, and describes a simple augmented model with extra Higgs couplings.
In section 6 we analyse the fixed point solutions to the equations for the differences between the soft scalar masses in flavour space. In section 7 we discuss the character of the low energy SUSY spectrum in some detail for a particular example based on gaugino dominance and large ratio of Higgs vacuum expecation values tan β. In section 8 we discuss a further source of flavour violation coming from the D-term of the gauged family symmetry. We reserve section 9 for our summary and conclusions.
A Family symmetry
The theory of fermion masses on which our results are based [11] relies on a gauged U(1) X family symmetry [13] . The U(1) X has a Green-Schwarz anomaly [14] and is assumed to be broken close to the string scale by the vacuum expectation values (VEVs) of standard model singlet fields including θ andθ with U(1) X charges 1 and -1 respectively [13] . In order to achieve a realistic pattern of masses the following simple X charges were assumed for the three families of quarks and leptons (assigning equal charges to each multiplet member Q i , U 
In this model the light fermion masses are generated because the light Higgs fields of the Standard Model are mixtures of several different Higgs fields carrying different X charges. In the model we are considering these additional heavy Higgs fields must belong to the additional vector-like matter multiplets transforming as complete SU (5) representations. Given that these new states must have renormalisable Yukawa couplings to the quarks and leptons they must have X charges to cancel the charge matrix associated with the matrix ofc quark charges,
To generate these entries we need 9 (6 if the Higgs couplings are symmetric 4 ) Higgs doublets H U ij coupling to the up sector and 9 (6) Higgs doublets H D ij coupling to the down and lepton sector with H U 11 having charge X = 8, and so on. The Higgs H U 33 , H D 33 both have X = 0 and
give the dominant component of the two Higgs doublets H U , H D of the minimal SUSY model.
The Higgs doublets with non-zero X charge are assumed to have masses of order M I due to couplings to their vector partners. However the 9 Higgs of each type mix via Frogatt-Nielsen [15] diagrams involving insertions of the θ andθ fields along the Higgs line, so that at low energies the up mass matrix for example results from the matrix of operators:
There are also renormalisable terms involving singlets which we shall discuss later.
The renormalisation group equations for soft masses
The soft SUSY breaking potential has the general form
Note that the X symmetry (assumed to be unbroken down to M I ) forbids off-diagonal squark and slepton masses at renormalisable order, moreover non-renormalisable operators will not enter the RGEs.
The renormalisation group equations (RGEs) for the gauge couplings and gaugino masses are:
where we have definedα a ≡ The RGEs for the gauge couplings and gaugino masses have the well known solution:
For b aαa (0)t ≫ 1 we get a fixed point behaviour in the gauge couplings but not in the gaugino masses:α
Since there is no fixed point to determine the gaugino masses we shall introduce the parameters
where m 1 = m 2 = 1 corresponds to gaugino unification at the fixed point (and hence approximate gaugino unification at the intermediate scale.)
Supersymmetry means that the RGEs for the Yukawa couplings may be factorised into a
Yukawa coupling multiplied by a sum of wavefunction anomalous dimensions for the three legs:
where we have defined
If we assume that the gauge couplings are rapidly driven to their fixed point ratios then the wavefunction anomalous dimensions, N i may be expressed in terms of the single gauge couplingα 3 as:
The Yukawa RGEs are flavour independent and are driven to the flavour independent infra-red where
, where
(Note the approximate isospin symmetry in the IRSFPs.)
Turning now to the soft SUSY breaking parameters, the trilinear couplings have RGEs which resemble those of the Yukawa couplings:
where
For illustrative purposes we shall henceforth assume that m 1 = m 2 = 1 which corresponds to all three gaugino masses staying equal down to the intermediate scale. In this case the IRSFPs for the trilinear couplings are simply:
where M 3 = M 3 (t) is the running gaugino mass. This simple result may be readily understood given the similarity of the trilinear RGEs to the Yukawa RGEs.
We now turn our attention to the RGEs for the soft scalar masses which will be our principal concern henceforth: In this section we shall consider the fixed points obtained by summing Eq.23 over flavours. In this way one obtains the coupled set of equations for the T mass variables:
where we have defined the combinations
Note that the right hand sides of the RGEs in Eq.27 only involve the 3 independent combinations of soft scalar masses in Eq.28, which satisfy the following coupled equations:
The coupled RGEs in Eq.29 may be expressed in terms of a symmetric matrix (after appropriate normalisation factors are included) which may then be diagonalised. In the diagonal basis these 3 RGEs then have the form:
with the A i , B i coefficients given in Table 1 . The equations may then be solved to yield the low energy soft total masses:
The orthogonal combinations of soft T masses satisfy RGEs which do not depend on the soft masses themselves. The combinations are not unique due to the degeneracy, but a simple choice is:
One may see that eqs.32 have a simpler form with
where the m T i and B i for i = 4 · · · 7 may be read from Eq. 32. The low energy solutions in this case are simply obtained by setting A i = 0 in Eq.31:
where the last approximation, M It is clear that the linear combinations of soft scalar masses in Eq.32 will have low energy values in Eq.34 of order the high energy boundary values of soft scalar masses and gaugino masses at t = 0, while the combinations of soft scalar masses in Eq.28 will have values at low energy in Eq.31 suppressed by
b 3 where the anomalous dimension
according to Table 1 5 . Thus in strong unification where the ratio of gauge couplings is large it is reasonable to neglect the linear combinations of soft scalar masses which are suppressed by anomalous dimensions compared to the linear combinations of soft scalar masses which are unsuppressed by anomalous dimensions, and so at low energy we have
The fact that these combinations have been shown to be suppressed by anomalous dimensions is more or less equivalent to the statement that the combinations in Eq.21 are fixed points. The more or less part is due to the fact that one must sum Eq.21 over flavours, insert the trilinear fixed point, and then observe that the anomalous suppression of these mass combinations is competitive to that of the gaugino mass.
Turning now to the orthogonal combinations of soft scalar masses, the appearance of combinations of soft masses whose RGEs do not depend on the soft masses themselves means that the flow to IRSFPs does not lead to suppression by anomalous dimensions, and so the low-energy values depend sensitively on the initial values as seen in Eq.34. This is in contrast to the fixed point structure of the Yukawa couplings which do drive the Yukawa couplings to family independent fixed points. Combining Eq.34 with Eq.35 we may solve for the individual soft scalar mass sums and find
Notice that the coefficients c U , c D , c E , c H U , c H D are driven negative. The reason is simply that the Yukawa couplings which control the negative contributions to the RGEs in Eq.27 are of the same order as the gauge couplings (related by the fixed point), so soft scalar masses with small gauge Casimirs and/or large Yukawa multiplicities are prone to be driven negative. Although we have unearthed this problem in the gauge dominated approximation, the result follows from the structure of the RGEs and applies to more general initial conditions.
Clearly it is unacceptable to have squark or slepton masses negative. However there are two possible reasons why this result need not lead us to abandon the underlying model. The first possibility is that the theory does not have time to settle in to its fixed point. The evolution of the couplings is cut-off at the scale M I , the superpotential mass term associated with the heavy states. This term is generated through couplings of the vectorlike fields X I ,X I to a Standard
Model singlet field, Φ, via a coupling in the superpotential of the form λX I X I Φ where, for simplicity, we have taken the couplings to different components to be equal at the unification scale; this could arise because of an enhanced symmetry at this scale. The soft mass squared of the scalar component of the gauge singlet field Φ will be driven negative through the terms in the renormalisation group equations involving the Yukawa coupling λ -there are no stabilising terms proportional to the gaugino mass squared because Φ is a gauge singlet field. As a result a singlet vev will be generated. Its magnitude depends on how flat the Φ potential is. In the extreme, when there are no Φ F-terms, the Φ vev will be close to the scale at which the Φ mass squared becomes negative. The details of this depend on the initial value of the Φ soft mass but, given that Φ has no stabilising D-terms, it is possible that this will occur before the squark mass squared becomes negative. Since the Φ vev generates the mass for the heavy states, M I = λ < Φ >, the contribution of the heavy states to the renormalisation group evolution drops out at this scale. Thus the terms driving the squark mass squared negative cease to be effective before the mass squared actually becomes negative, i.e. the fixed point discussed above is not reached. In this case the phenomenological implications for the soft masses are Table 2 :
not correctly captured by Eqs.38. Instead, to a first approximation, the masses will simply be proportional to the coefficient of the gaugino mass squared term in Eqs.23 coming from the one loop term coupling the squarks to the gauginos. Note that in strong unification this gives a characteristically different pattern of masses to that found in the MSSM under the same assumption of gaugino mass domination. The reason is because the three gauge couplings are nearly the same in strong unification close to the unification scale and hence the differences between the contribution to the soft masses of the various gauge interactions is reduced.
The case we have just discussed loses many of the attractive features we have been seeking to explore because there is not enough time to reach the fixed points. In this case the predictive power of the fixed point structure is largely lost, the low-energy values being sensitive to the initial conditions. Thus we turn to a consideration of the second possible way to avoid the appearance of negative mass squared terms for the squark and slepton masses. This follows because their appearance is a model dependent result dependent on the structure assumed for the Yukawa couplings in the heavy sector. As we shall discuss inclusion of additional couplings may leave all squark and slepton masses positive. In this case the fixed point structure is phenomenologically viable. Provided the value of M I is low enough for the fixed points to be reached the dependence on the precise value of M I and on other initial conditions will be small and one may realise the predictive power of the infra-red structure. In the next section we discuss why it is possible that the negative eigenvalues we found for the squark and slepton masses squared arose due to an oversimplification of the model.
Extra Higgs Couplings
The results in the previous section highlighted a problem with the fixed point structure of soft masses, namely that the squark and slepton scalars tend to have their mass squared driven negative by the large Yukawa couplings. The same effect also applies to the Higgs masses, although in this case this does not necessarily imply that vevs for the Higgs will result. The point is that the Higgs masses which enter the effective potential will receive an additional contribution from their supersymmetric mass terms, the analogue of the µ parameter of the MSSM, and it is the combination of the form µ 2 + m 2 which is relevant for symmetry breaking, although only the Higgs soft mass squared m 2 enters the RGEs for the squark and slepton soft masses 6 . This might seem rather irrelevant since in any case the squark and slepton mass squared get driven negative, but as we shall see it is rather easy to modify the model so that only the Higgs mass squareds get driven negative, and our point is then that the modified model is viable.
The Higgs sector of the model in ref. [11] is more complicated than that so far considered and, as we have discussed, includes two classes of Standard Model gauge group singlets which couple to the Higgs : the θ,θ singlets which couple a Higgs of a given X charge to another Higgs with whose X charge differs by one unit; and Φ singlets which carry no X charge and couple pairs of Higgs fields with equal and opposite X charge, so that the VEV of Φ essentially generates the intermediate scale M I . So far we have not considered the effect of either of these two types of additional coupling in the Higgs sector, although their effect on the Yukawa sector has already been considered [11] , [17] . We have been implicitly assuming that the extra singlet couplings do not significantly disrupt the flavour symmetry of the Yukawa couplings, which has some support from the analysis in [11] . However the presence of these couplings will generate additional Higgs masses in the superpotential, analagous to the µ parameter of the MSSM. For all the Higgs with non-zero X charge these generalised µ parameters will all be of order the intermediate MSSM, and we know that for a viable phenomenology there must be a mechanism which couples them together to form a conventional µ term. In the case under consideration the µ term that is required must be sufficient to overcome the negative mass squared generated at the intermediate scale by radiative corrections and so must be at least of order M 3 (0) which implies a rather large value for the effective µ parameter at the intermediate scale.
Another effect of the extra Higgs Yukawa couplings is to drive the Higgs masses even more negative at the intermediate scale than our previous estimate suggests. This is a generic expectation based on the fact that extra large Yukawa couplings will always tend to drive a soft scalar mass squared negative more quickly. As far as the Higgs masses are concerned this is not a problem for the reasons outlined above. On the contrary this effect is actually welcome since the more quickly the Higgs mass squareds are driven negative, the less quickly will the squark and slepton masses be driven negative, and so at the intermediate scale we generally expect the squark and slepton masses to be larger than our previous estimate. This can be readily understood since a large negative mass squared contribution from a soft Higgs mass will contribute positively to the RG running of a squark or slepton mass squared. It can also be understood from the fixed point in Eq.22. Thus the effect of the additional singlets on the Higgs sector leads to the squark and slepton masses tending to remain positive for longer, via the indirect effect of the Higgs masses being driven negative more quickly, which as we have seen is not a problem due to the presence of the µ-type parameters in the Higgs sector.
We have argued that in order to make the model self-consistent we should include all the singlet couplings in the Higgs sector in our calculation. However, as emphasised in [17] , the presence of these singlet couplings leads to an extremely complicated system of coupled RGEs which are difficult to solve even for the dimensionless Yukawa couplings. The presence of all the additional soft masses will only serve to make the calculation even more complicated, and we would be in danger of losing sight of the very physical effects we are trying to illustrate. Therefore for our present purposes we shall illustrate the effects discussed above in a simple example which contains the essential physical features mentioned above. In particular our example will involve additional Higgs Yukawa couplings, while leaving the squark and slepton RGEs unchanged except for any changes due to the Higgs mass squared which will feed through into these equations as discussed above.
Consider a model similar to that in Eq.8, but augmented by three additional families of quarks and leptons, which we distinguish by primes, which couple to the same Higgs as the usual three families, but which have intermediate scale masses due to the presence of their vector partners, i.e. we allow the same Higgs to couple to three additional families of the form 3(5 + 10) which have 3(5 +10) vector partners. The augmented superpotential is then:
The merit of the couplings we have introduced is that they illustrate the main point concerning the effect of additional Higgs couplings while keeping the relative simplicity of the model discussed above. It is clear that the wavefunction anomalous dimensions of the quark and lepton fields are unchanged from their values in Eq.15, and that there will be identical quantities for the primed families with all the Yukawa couplings being primed ones. The Higgs wavefunctions receive additional Yukawa contributions from the primed fields:
The analysis of the Yukawa fixed points goes through exactly as in the original calculation, and we now find symmetric fixed points with the unprimed Yukawa couplings equal to the primed Yukawa couplings: 
For example for n = 6 we find R h * = 0.55, R k * = 0.52, R l * = 0.145 somewhat smaller than the values quoted in Eq.16.
The RGEs for the soft scalar masses of the squarks and sleptons are exactly as before, and now there are additional RGEs involving the primed squarks and sleptons which have an identical structure, but with primes everywhere except that they involve the same (unprimed)
Higgs fields as the ordinary squarks and sleptons. The RGEs for the soft masses of the Higgs have contributions from both unprimed and primed squarks and sleptons which, after inserting the Yukawa and trilinear fixed points, are:
Due to the symmetry of the augmented model, It is reasonable to assume that the primed soft masses will be driven to be equal to the unprimed soft masses. Thus the set of RGEs in
Eq.27 will apply equally for the primed and unprimed squarks and slepton masses, and the Higgs mass equations are simply modified by factors of two multiplying the Yukawa couplings:
These factors of two will leave Eq.35 unchanged (although the quality of the approximation may be slightly different), but Eq.32 will become:
d(2m
From Eqs.35, and solution to the modified Eq.44 we obtain new predictions for the individual low energy T masses: 6 Infra-red structure for the family differences of soft scalar masses
Since the fixed point structure makes definite predictions the soft squark and slepton masses, c.f. Table 3 , we are in a position to ask whether it is capable of giving an explanation of the flavour problem in supersymmetry. This requires that the squark and slepton mass splittings between different families be small compared to the squark and slepton masses themselves, in order to suppress flavour changing neutral currents. We will illustrate the structure by considering Eq.23
for the original formulation of the model without extra Higgs couplings. Although this model is not viable for the reasons discussed it contains the general flavour structure in a simple form and is thus a useful starting point. We will return to the more realistic models later.
Consider the following family differences in soft scalar masses :
We now return to Eq.23 and we construct the RGEs for the differences ∆ 
where we have defined the following combinations:
Notice that the RGEs decouple into three different sectors:
Also note that the 9 RGEs only depend on 6 independent combinations of the ∆'s which satisfy the RGEs:
The first of these equations is already diagonal, but the other two sectors involve coupled equations which must be diagonalised. After diagonalisation of each of the three sectors the equations take the form: d∆
where i = 1 for the first sector, i = 2, 3 for the second sector and i = 4, · · · 6 for the third sector and the C i are shown in Table 4 . The equations have solution:
The orthogonal combinations of soft scalar mass differences, again not unique due to the degeneracy, have zero beta functions. A simple choice is: Table 4 : C i coefficients as a function of n.
Clearly Eq.54 has the trivial solutions:
Clearly these ∆ combinations corresponding to zero beta functions will have low energy values equal to their high energy boundary values at t = 0, while the∆ Table 4 . The suppression factor coming from Eq.53 is
According to Table 4 C i n−3
< 1 for C 3 , C 5 and in particular for C 6 the anomalous dimension is significantly smaller than unity. Nevertheless as a rough approximation we shall assume∆ i (t) ≈ 0 for all these quantities so that from Eq.55 we find the following infra red structure which applies at the intermediate scale :
Note that the infra red structure leads to the phenomenologically interesting predictions
valid at the intermediate scale, will for the light generations also apply at low energy scales.
The results in Eq.56, which follow from Eq.55 together with the approximation that all thē ∆ 2 i (t) ≈ 0 due to anomalous dimension suppression, are at first sight rather disappointing for they fall short of a complete solution to the flavour problem. The reason may be seen from Eq.54. The fact that these combinations of soft scalar masses do not evolve means initial flavour non-degeneracy in these channels will not be erased. This effect is quite general and follows because, c.f. Eq.23, the right hand side of the renormalisation group equations depend on the soft scalar masses through a reduced number of terms involving the sums of the soft scalar masses of the states involved in the Yukawa coupling responsible for the particular term. As a result it is always possible to eliminate the term via a combination of the RGE involving the same Yukawa coupling. This is the reason that infra-red structure cannot completely solve the flavour problem.
The effects of partial Higgs cancellation, and numerical suppression of the flavour differences observed in the solutions can be understood by returning to the original RGEs for the ∆'s in Eq.48 where it is observed that the ∆'s corresponding to the Higgs are driven to be smaller faster than for the squarks and sleptons. Thus there will be a region of running where the Higgs ∆'s are positive but small compared to the squark and slepton ∆'s, and so may be neglected over this region. Over the region where the Higgs ∆'s are negligible then it is clear from Eq.48 that all the squark and slepton masses will be suppressed by anomalous dimensions since the∆'s become equal to the ∆'s (up to a factor of 3), and there are no channels with zero beta function.
For example in the extreme limit that all the Higgs mass squared differences were negligible over the entire range the effect of the fixed point would be to suppress all of the squark and slepton flavour mass squared differences by powers of the anomalous dimension. In reality the Higgs ∆'s are non-negligible to begin with and also may be driven to be large and negative, so it is not a good appproximation to neglect them from the RGEs of the squark and slepton mass squared differences. However the effect the Higgs ∆'s being driven smaller more quickly than the squark and slepton ∆'s is imprinted onto the final results in Eq.56, and accounts for the suppressions of flavour differences discussed above.
Similar cancellation effects also occur in the family sums over soft scalar masses, so it will not lead to a significant suppression of flavour changing neutral currents which depend on ratios like
T . An efficient way to suppress flavour changing effects in this model is to assume gaugino dominance near the string scale. As discussed in the previous section, gaugino dominance is the statement that the soft scalar masses at high energy (string) scale are negligible compared to the high energy gaugino masses, m as we shall see in the next section, the spectrum which results from the assumption of gaugino dominance is more acceptable phenomenologically than in the MSSM. For these reasons, we find gaugino dominance a very appealing possibility in this model.
To end this section we remark that in the augmented model with extra Higgs couplings the qualitative picture for the ∆'s does not change very much. Assuming symmetry between the primed and unprimed masses, all that happens is that the RGEs for the Higgs ∆'s all have their beta functions multiplied by an overall factor of 2, so that they get driven smaller more quickly.
This means that for example we find
in place of Eq.54, and so on. The fact that the Higgs mass squared differences get driven smaller more quickly in this case will lead to even greater suppression of the low energy squark and slepton mass squared flavour differences than in the original model. However precise predictions are more difficult in this case due to the need to make some assumption about the relative magnitude of the primed and unprimed soft masses. If the assumption of equal soft masses in the primed and unprimed sectors is relaxed then this also does not qualitatively change the conclusions since we find:
Again we see the appearance of combinations with zero beta functions, leading to qualitatively similar results to those obtained previously.
The Low Energy Spectrum
We have already remarked that the assumption of gaugino dominance leads to an inverted spectrum in strong unification as compared to the MSSM. For this reason it is worthwhile to investigate the typical features of the spectrum in this case. In order to investigate the low energy spectrum we need to use the strong unification predictions at the intermediate scale as boundary conditions for the MSSM which is the effective low energy theory below this scale.
There H D ij . In this case the MSSM can only be rescued by major surgery [18] .
We shall concentrate in this section on only the simplest first case corresponding to large and approximately equal third family Yukawa couplings. Of course the disadvantage of this is that there will be the usual fine-tuning required in order to sustain the large hierarchy of vacuum expectation values. However we shall not worry about such matters here. Including the third family Yukawa couplings, the RGEs for the third family in the MSSM correspond to taking the 33 components of the RGEs given in section 2 with
Although these MSSM RGEs are well known we reproduce them here for purposes of comparison to the RGEs in section 2. Analagous to the Yukawa RGEs in Eq.14 we have:
The trilinear RGEs analagous to Eq.17 are:
The soft scalar mass RGEs analagous to Eq.20 are:
where we have defined the combinations analagous to those in Eq.28:
These combinations satisfy RGEs analagous to Eq.29:
The RGEs for the orthogonal combinations analagous to Eq.32 are:
Finally for completeness we include the MSSM RGEs for the µ and B parameters:
In the present case we are interested in matching the high tan β MSSM with the strong unification predictions at the intermediate scale.
Thus the boundary conditions for the MSSM will involve non-universal scalar masses, and unequal gauge coupling constants, although, to simplify the analysis, we shall continue to use the good approximation of equal gaugino masses at the intermediate scale.
It is straightforward to find the analytic solutions for the third family soft scalar mass RGEs in the approximation (t). In our current notation t = 0 now corresponds to the intermediate scale M I and t = t corresponds to, say, the Z mass M Z . To be precise our notation is
For the first two squark families (and for all three slepton families) we may drop the Yukawa couplings to obtain the approximate solutions:
The physical low-energy squark and slepton masses of all three families also receive additional electroweak D-term contributions which for large tan β (cos 2β ≈ −1) are as follows:
We now have all the ingredients necessary to calculate the low energy SUSY spectrum at the low energy scale M Z from the strong unification boundary conditions at the scale M I which is we do not trust perturbation theory up to M N P , but this proceedure is sufficient to parametrise the uncertainties in M 3 (M I ) for a given M 1/2 . Thus the two basic input parameters in our approach may be regarded as M 1/2 ≡ M 3 (M N P ) and α GU T ≡ α 3 (M N P ). In practice we control the value of α GU T by introducing a high energy cut-off scale which we denote as M GU T ≡ M N P where the evolution of the couplings is arbitrarily stopped. The gauge couplings are not of course unified at M GU T ≡ M N P since they remain in their fixed point ratios at this scale, and this scale has no physical significance; it is simply a cut-off scale for our high energy theory, which may be higher or lower depending on how much faith you have in perturbation theory.
8
In Table 5 we present the SUSY spectrum for both the MSSM and strong unification, in both cases assuming large tan β and making the assumption of gaugino dominance. We give the QCD coupling and the gluino mass at M GU T ≡ M N P , at the intermediate scale M I , and at low energies M Z . It is observed that strong unification predicts a smaller value of α 3 (M Z ) than the MSSM. The MSSM spectrum always involves light sleptonsẼ R i whose mass cannot be increased by further increasing M 1/2 since this would lead to its becoming the lightest supersymmetric particle (LSP). By contrast the strong unification model with n = 40 has a slightly heavier slepton mass but lighter stop and sbottom masses around 200 GeV, while the other strong unification models have a comfortably heavy slepton mass accompanied by reasonably light stops and sbottoms. The third family top, bottom and tau masses have already been discussed elsewhere using more accurate two-loop RGEs [6] . We only remark that we would expect the top mass to be somewhat smaller in the augmented model than in the original model due to the fixed point ratios in Eq.41 being smaller than the values in Eq.16, and this will reduce the quoted top quark masses in Table 2 of ref. [6] , bringing them closer to the experimentally observed value. Table 5 reflect the uncertainty in the gluino mass and give the general features of the spectrum expected in this model for a range of parameters.
Finally we remark that we have not included any analysis of the spectrum of Higgs masses in this model since their treatment lies outside of our simple approximations here. For example one must examine the differences between Y t and Y b , and also one must seriously consider the question of radiative corrections to the Higgs potential which are very important in determining the Higgs masses. We merely remark that with high tan β we would expect the Higgs masses to be heavier than for low tan β, which could help to explain why the lightest Higgs has yet to be observed at LEP2.
D-term flavour violation
In this section we make some remarks about flavour violation in the model [13] arising from the presence of the gauged U(1) X family symmetry. Here we face two problems: firstly such gauged family symmetries are expected to give rise to flavour changing effects via the D-terms; secondly this symmetry is anomalous and must be broken close to the string scale. Since the expansion parameter for fermion masses is given by this scale divided by M I this apparently requires M I to also very close to the string scale which in turn would seem to require very large values of n.
(For example M I = 10 13 GeV for n = 20, higher values of M I require larger values of n). We shall comment on each of these problems in turn.
First let us explain the problem with the D-term. Consider a model with the U(1) X anomalous gauge symmetry of reference [13] . There are two MSSM singlet fields θ (1) andθ (−1) which couple to MSSM non-singlet fields (quarks,leptons,Higgs and heavy vector reps). For example the D-term including the contribution of the quark doublets is:
Thus both theθ field and the moduli fields are expected to develop VEVs. Moreover, inserting these VEVs back into the potential, we see that the D-term contribution to the squark masses is zero. If we now include small moduli masses then we find that the D-term contribution to squark masses is controlled by the small moduli masses. As a result we can simultaneously avoid the appearance of large family asymmetric D-terms and separate the scale of theθ VEV (which is determined by µ 0 ) from the scale of the symmetry breaking of the anomalous symmetry.
Of course there remains the question of the θ VEV. In the above we assumed for simplicity that the θ VEV was smaller than µ 0 . For large n this need not be the case and then minimising the effective potential, including the θ field, shows thatθ ≈ θ ≈ µ 0 where now µ 0 is the scale at which the sum of the θ andθ masses squared becomes negative. If theθ VEV is larger than µ 0 there may still be a θ VEV but it will be generated at the scale at which the θ field mass squared is driven negative. 
Summary and Conclusions
In this paper we have examined in some detail the implications for the soft supersymmetry breaking mass terms of the infra-red fixed points of the renormalisation group equations. The model examined has the property that the Yukawa couplings were driven to family independent fixed points. This suggested that the soft supersymmetry breaking masses might similarly be driven to family independent fixed points providing a new solution to the flavour changing problem. However this analysis has shown that the individual soft masses are not in fact driven to fixed points, but instead only certain combinations of soft masses are driven to fixed points.
The main reason for this is that the renormalisation group equations have several anomalous dimensions which vanish. As a result the values of the soft terms at lower energies depend on some of the initial values, so that the flavour problem is not dynamically solved but requires the initial conditions should be approximately family independent. The appearance of these troublesome zero anomalous dimensions appears generic because the right-hand side of the renormalisation group equations involve common combinations of the soft terms and not the soft terms individually. Thus one can eliminate these terms through suitable combination of the renormalisation group equations leaving combinations of the masses renormalisation group invariant.
at the intermediate scale is driven to be small compared to its value at the initial scale, these combinations are relatively small. Since the masses appearing in this equation evolve at different rates these constraints have the important effect that some soft mass squared are driven negative at the fixed points.
In order to address the flavour problem we explored a particularly attractive scheme in which the gaugino masses dominate at the unification scale. In this case the fixed point structure proves to be very predictive. The assumption of gaugino dominance at the unification scale implies that initially soft masses and hence family differences between soft masses are small. In running down and H U L 3 develops a dangerous minimum [21] . This conclusion seems to be an unavoidable consequence of the fixed point structure of the theory. However, as emphasised by the authors themselves [21] , the tunneling time from the desired MSSM vacuum to the flat direction vacuum always exceeds the age of the universe. Thus whether or not we would be sitting in the wrong vacuum depends on cosmological details of the history of the universe. For example many theories of inflation tend to lift flat directions by amounts of order the Hubble constant. This could provide a useful mechanism to roll the universe into the correct MSSM vacuum.
The combination of the fixed point structure and gaugino dominance leads to a low energy spectrum quite unlike that predicted by gauge dominance in the MSSM, since the gluino mass at the intermediate scale is expected to be small compared to the soft masses at this scale. Detailed low energy spectra based on gaugino dominance are presented in Table 5 , both for strong unification and for the MSSM for comparison (both for large tan β.) The spectra corresponding to values of gaugino masses consistent with current limits and yet having light stops and sbottoms, correspond to taking the smaller values of M 1/2 , as for example in the last column of is reflected in the range of spectra in Table 5 . Generally, however, we would expect a "scalar dominated" SUSY spectrum characterised by large soft scalar masses and large µ parameter, with smaller soft gaugino masses.
Finally we discussed the additional source of flavour changing arising from the D-term of the gauged family symmetry. Such gauged family symmetries are commonly introduced in models of fermion masses, and so this problem is generic. We pointed out that such D-term problems are less severe than hitherto thought if anomalously light fields such as moduli have family gauge quantum numbers.
We conclude that in strong unification the combination of the fixed point structure with the assumption of gaugino dominance leads to a predictive and successful scheme where flavour changing neutral currents are heavily suppressed, squark and slepton soft masses at the intermediate scale are predicted in terms of M 1/2 , and the low energy spectrum is phenomenologically viable.
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